Endogenous relaxin has recently been demonstrated to protect the airway/lung against age-related fibrosis and against inflammation-associated airway fibrosis in animal models of allergic airways disease (AAD). In the current study, we examined the contribution of the primary relaxin receptor, relaxin family peptide receptor-1 (RXFP1), in mediating these effects of relaxin. Lung tissues from healthy aging RXFP1 gene-knockout (Rxfp1 Ϫ/Ϫ ) and wild-type (Rxfp1 ϩ/ϩ ) mice and from 8-to 10-wk-old Rxfp1 Ϫ/Ϫ and Rxfp1 ϩ/ϩ mice subjected to a mouse model of AAD were assessed for various markers of airway fibrosis and remodeling. Male and female Rxfp1 Ϫ/Ϫ mice demonstrated an age-related progression of airway/lung fibrosis. Saline-treated Rxfp1 Ϫ/Ϫ mice had significantly increased myofibroblast differentiation and lung collagen deposition (both P Ͻ 0.05), decreased matrix metalloproteinase (MMP)-9 expression and activity (P Ͻ 0.05), but equivalent levels of MMP-2 and tissue inhibitor of metalloproteinases (TIMPs) to that measured in salinetreated Rxfp1 ϩ/ϩ mice. As expected, ovalbumin (OVA)-treated Rxfp1 ϩ/ϩ mice developed markedly increased lung myofibroblast differentiation and collagen deposition (both P Ͻ 0.01 vs salinetreated Rxfp1 ϩ/ϩ mice), significantly decreased lung MMP-2 and MMP-9 expression and activity and increased TIMP-1 expression (all P Ͻ 0.05 vs. respective measurements from saline-treated Rxfp1 ϩ/ϩ mice). Surprisingly, however, OVA-treated Rxfp1 Ϫ/Ϫ animals had equivalent levels of airway fibrosis and gelatinase activity but increased TIMP-1 expression (P Ͻ 0.05) compared with OVA-treated Rxfp1 ϩ/ϩ mice. These combined findings demonstrate that RXFP1 is involved in mediating relaxin's effects on airway fibrosis during homeostasis but not during inflammation-induced fibrosis associated with chronic AAD. (Endocrinology 150: 1495-1502, 2009) O riginally discovered as a reproductive hormone (1-3), relaxin is now emerging as an important endocrine and paracrine factor which protects several organs, including the lung, from collagen accumulation leading to fibrosis (4). Relaxin-deficient (Rln Ϫ/Ϫ ) mice demonstrate an age-related progression of airway/lung fibrosis (5) and also manifest exaggerated airway fibrosis when subjected to ovalbumin (OVA)-induced airway inflammation (6, 7), confirming relaxin's status as an endogenous regulator of collagen turnover in health and disease. Moreover, prolonged relaxin deficiency (over 12 months) leads to structural and functional changes in the mouse lung that mimic those observed in models of allergic airways disease (AAD), specifically collagen deposition in the subepithelial basement membrane region and submucosa (5, 7), and airway hyperresponsiveness (AHR; a measure of airway dysfunction) (7). Based on these studies and those examining the effects of exogenous re- laxin therapy in models of lung disease (8 -10), it is proposed that relaxin's protective effects are mediated via its ability to stimulate matrix metalloproteinase (MMP)-induced collagen breakdown and inhibit TGF-␤1-induced collagen production. The relaxin receptor was recently discovered as a leucine-rich repeat containing G protein-coupled receptor (LGR) (11) and shown to be expressed in the human (11) and mouse (5) lung. Initially discovered as LGR7, this receptor has now been reclassified as relaxin family peptide receptor-1 (RXFP1) and belongs to a subgroup (type C) of the family of LGRs that include receptors for FSH, LH, and TSH (12). The finding of phenotypic similarities in several reproductive organs of pregnant female (13, 14) and developing male (15) Rln Ϫ/Ϫ and RXFP1-deficient (Rxfp1 Ϫ/Ϫ ) (16, 17) mice indicated that relaxin can induce some of its biological effects via RXFP1 in vivo. Additionally, the effects of relaxin in protecting the aging lung from the progression of collagen accumulation are mediated at least in part through the RXFP1 receptor, because both Rln Ϫ/Ϫ (5) and Rxfp1 Ϫ/Ϫ (17)
O riginally discovered as a reproductive hormone (1-3), relaxin is now emerging as an important endocrine and paracrine factor which protects several organs, including the lung, from collagen accumulation leading to fibrosis (4) . Relaxin-deficient (Rln Ϫ/Ϫ ) mice demonstrate an age-related progression of airway/lung fibrosis (5) and also manifest exaggerated airway fibrosis when subjected to ovalbumin (OVA)-induced airway inflammation (6, 7) , confirming relaxin's status as an endogenous regulator of collagen turnover in health and disease. Moreover, prolonged relaxin deficiency (over 12 months) leads to structural and functional changes in the mouse lung that mimic those observed in models of allergic airways disease (AAD), specifically collagen deposition in the subepithelial basement membrane region and submucosa (5, 7) , and airway hyperresponsiveness (AHR; a measure of airway dysfunction) (7) . Based on these studies and those examining the effects of exogenous re-laxin therapy in models of lung disease (8 -10) , it is proposed that relaxin's protective effects are mediated via its ability to stimulate matrix metalloproteinase (MMP)-induced collagen breakdown and inhibit TGF-␤1-induced collagen production. The relaxin receptor was recently discovered as a leucine-rich repeat containing G protein-coupled receptor (LGR) (11) and shown to be expressed in the human (11) and mouse (5) lung. Initially discovered as LGR7, this receptor has now been reclassified as relaxin family peptide receptor-1 (RXFP1) and belongs to a subgroup (type C) of the family of LGRs that include receptors for FSH, LH, and TSH (12) . The finding of phenotypic similarities in several reproductive organs of pregnant female (13, 14) and developing male (15) Rln Ϫ/Ϫ and RXFP1-deficient (Rxfp1 Ϫ/Ϫ ) (16, 17) mice indicated that relaxin can induce some of its biological effects via RXFP1 in vivo. Additionally, the effects of relaxin in protecting the aging lung from the progression of collagen accumulation are mediated at least in part through the RXFP1 receptor, because both Rln Ϫ/Ϫ (5) and Rxfp1 Ϫ/Ϫ (17) mice undergo an age-related progression of pulmonary fibrosis. Importantly though, RXFP1 deficiency appeared to have a greater impact on the age-related progression of pulmonary fibrosis, because Rxfp1 Ϫ/Ϫ mice underwent increases in lung collagen accumulation as early as 1 month of age (17) , whereas fibrosis in the airway/lung was evident in Rln Ϫ/Ϫ mice only by 6 -9 months of age (5) , suggesting that additional ligands other than relaxin may also signal through RXFP1. Indeed, other relaxin peptides such as H3 relaxin and its mouse equivalent, relaxin-3, have also been shown to bind and activate RXFP1 (18) . Furthermore, a recent study has demonstrated that relaxin can act as a ligand for the glucocorticoid receptor (19) . These findings suggest that relaxin is not the sole ligand for RXFP1 and that RXFP1 is not the sole receptor for relaxin, highlighting the complexity of relaxin physiology.
In the current study, we sought to delineate whether the protective effects of relaxin in the lung of aging mice (5) and mice subjected to AAD (6) were mediated through its native receptor, RXFP1. We employed a well-characterized murine model of chronic AAD, which mimics several features of human asthma (20) , to RXFP1 wild-type (Rxfp1 ϩ/ϩ ) and Rxfp1 Ϫ/Ϫ mice and compared our findings to that previously obtained from Rln Ϫ/Ϫ mice subjected to the same model (6) . The relationship between airway fibrosis, other structural changes of airway remodeling, and AHR was also examined in the model of AAD.
Materials and Methods

Animals
All male and female Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ littermate mice used in this study were generated from RXFP1-heterozygous (Rxfp1 ϩ/Ϫ ) parents, as described previously (16) .
For the AAD studies, 8-to 10-wk-old mice were used to match the age at which Rln ϩ/ϩ and Rln Ϫ/Ϫ were subjected to the chronic model of AAD (6) and were housed and fed in a controlled environment, as described before (5, 6) . These experiments were approved by the Howard Florey Institute and Royal Children's Hospital Animal Ethics Committees, which adhere to the Australian Code of Practice for the care and use of laboratory animals for scientific purposes.
OVA-induced allergic airways disease model
The 9-wk OVA-induced model of AAD, described previously (6, 20) was applied to Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ littermate mice. Eight-to 10-wk-old male (n ϭ 18) and female (n ϭ 19) mice were sensitized with an ip injection of 10 g grade V OVA (Sigma Chemical Co., St. Louis, MO) and 1 mg aluminum potassium sulfate (Sigma) in 0.5 ml saline on d 0 and 14. Mice were then challenged 3 d/wk for 6 wk (from d 21-63) with an aerosol of 2.5% (wt/vol) OVA in saline for 30 min. Aerosol challenge was carried out on groups of up to 16 mice in a whole-body inhalation exposure system attached to an ultrasonic nebulizer (NE-U07; Omron Corp., Tokyo, Japan) with an output of 1 ml/min and 1-to 5-m particle size. Saline-treated (control) male (n ϭ 16) and female (n ϭ 16) mice received an ip injection of saline alone (0.5 ml) on d 0 and 14 and were challenged with saline aerosols.
Analysis of AHR
Methacholine (MCh)-induced airway reactivity was assessed 24 h after the final OVA or saline aerosol challenge by invasive plethysmography (Buxco Electronics, Troy, NJ), as described previously (6, 7, 20) .
Determination of OVA-specific IgE levels
To validate the model of AAD and confirm that the mice were adequately sensitized to OVA, serum levels of OVA-specific IgE, obtained 24 h after the final OVA or saline aerosol challenge, were determined by ELISA, as described previously (6, 7, 20, 21) .
Bronchoalveolar lavage (BAL)
To assess airway inflammation, the influx of leukocytes into the airway lumen was examined. BAL was performed on anesthetized mice, 24 h after the final OVA or saline aerosol challenge, as described before (6, 7, 20, 21) . Total viable cells were determined in a hemocytometer using trypan blue exclusion and the results expressed as total cell number ϫ 10 4 .
Tissue collection
For the aging studies, lung tissues were isolated from male and female Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ littermate mice (n ϭ 5-8 per gender, genotype, and time point) at 2, 4, and 8 months of age. For the AAD studies, lung tissues were isolated from male and female Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ littermate mice (n ϭ 6 -10 per gender and genotype). All tissues were weighed (total lung weight) and then separated into individual lobes for histological and biochemical analyses, as detailed below.
Lung histopathology and morphometric analysis of structural changes
The right lung lobe and trachea were fixed in 10% neutral buffered formalin for approximately 18 -24 h and routinely processed. Serial 5-m sections taken from 100-m intervals of each tissue were stained with hematoxylin and eosin (for morphological assessment of peribronchial inflammation), Masson trichrome (for assessment of subepithelial fibrosis) and Alcian blue periodic acid Schiff (for assessment of goblet cells). Morphometric analysis of tissues was performed as described before (6, 7, 20) .
Hydroxyproline analysis of lung collagen
A portion of each lung from untreated (aging) Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice and from saline-and OVA-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice was treated as described previously (22, 23) for hydroxyproline determination. Hydroxyproline values were then converted to collagen content by multiplying by a factor of 6.94 (based on hydroxyproline representing approximately 14.4% of the amino acid composition of collagen in most mammalian tissues (24) and expressed as the relative ratio of the collagen content in saline-treated Rxfp1 ϩ/ϩ mice, which was expressed as 1.
SDS-PAGE of interstitial lung collagens
The insoluble interstitial matrix collagens (I, III, and V) were extracted from equivalent lung portions of saline-and OVA-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice, as described before (23) . The maturely cross-linked collagen was extracted by limited pepsin digestion (enzyme/ substrate ratio, 1:10) for 24 h at 4 C, before pepsin-digested extracts were analyzed by SDS-PAGE (23) . Samples were run on 5% acrylamide gels containing 3.5% stacking gels. Interrupted electrophoresis with delayed reduction of the disulfide bonds of type III collagen was used to separate the ␣1(III) from the ␣1(I) chains (25) . The gels were stained overnight at 4 C with 0.1% Coomassie brilliant blue R-250, before being destained with 30% methanol containing 7% acetic acid and then dried and photographed. Densitometry of the type I collagen [␣1(I) and ␣2(I)] chains was performed using a Bio-Rad (Richmond, CA) GS710 calibrated imaging densitometer and Quantity-One software (Bio-Rad). The relative OD collagen I in each group was then expressed as a ratio of that in saline-treated Rxfp1 ϩ/ϩ mice, which was expressed as 1.
Western blot analysis of ␣-smooth muscle actin (␣-SMA)
To determine whether the effects of RXFP1 deficiency on airway collagen, in the absence or presence of the AAD model, were mediated via regulation of myofibroblast differentiation, Western blot analysis of ␣-SMA (a well characterized marker of myofibroblasts) was performed. Total protein was extracted from tissues with the Trizol reagent (according to the manufacturer's instructions; Life Technologies, Gaithersburg, MD) and quantitated by the Bio-Rad dye-binding protein assay. Protein extracts (in 1% sodium dodecyl sulfate; 10 g total protein/lane) were electrophoresed under nonreducing conditions on 12.5% acrylamide gels, as previously described (26) . Western blot analysis was performed with a monoclonal antibody to ␣-SMA (M0851, 1:1000 dilution; Dako Corp., Carpinteria, CA) overnight and a goat antimouse secondary antibody (1:2000 dilution; Dako) for 2 h. Densitometry of the ␣-SMA bands was performed as described above. The relative OD ␣-SMA in each group was then expressed as a ratio of that in saline-treated Rxfp1 ϩ/ϩ mice, which was expressed as 1.
Gelatin zymography
To determine whether the effects of RXFP1 deficiency on subepithelial collagen, in the absence or presence of the AAD model, were mediated via the regulation of gelatinases MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B), gelatin zymography of lung tissue from each of the groups studied was performed as described before (27) . Equal aliquots of the MMP extracts were analyzed on zymogram gels consisting of 7.5% acrylamide and 1 mg/ml gelatin, and the gels were subsequently treated as previously detailed (27) . Gelatinolytic activity was quantitated by densitometry (as detailed above) and the relative OD for MMP-2 and -9 in each group expressed as the respective ratio of that in saline-treated Rxfp1 ϩ/ϩ mice, which was expressed as 1.
Reverse zymography
To determine whether the effects of RXFP1 deficiency on subepithelial collagen, in the absence or presence of the AAD model, were mediated via regulation of the tissue inhibitor of metalloproteinase-1 (TIMP-1) and TIMP-2, reverse zymography of lung tissue from each of the groups studied was performed as detailed elsewhere (28) and compared with purified standards of TIMP-1 and TIMP-2 (Calbiochem, San Diego, CA). Again, TIMP activity was quantitated by densitometry (as detailed above) and the relative OD for TIMP-1 and TIMP-2 in each group expressed as the respective ratio of that in saline-treated Rxfp1 ϩ/ϩ mice, which was expressed as 1.
Statistical analysis
The results were analyzed using a one-way ANOVA and the Newman-Keuls posttest for multiple comparisons between groups. AHR was analyzed with a two-way ANOVA and the Bonferroni posttest. All data in this paper are presented as the mean Ϯ SEM, with P Ͻ 0.05 described as statistically significant.
Results
Rxfp1
؊/؊ mice demonstrate an age-related progression of airway fibrosis Lung collagen deposition (the predominant component of lung fibrosis) was progressively increased in both male and female Rxfp1 Ϫ/Ϫ mice by 2 and 4 months of age, respectively, and continued to increase until at least 8 months of age compared with that measured in age-matched Rxfp1 ϩ/ϩ animals ( Fig. 1 2A) and BAL cell counts (Fig. 2B) were examined to confirm that Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice were adequately sensitized to OVA. In each case, no gender-based differences in these parameters were observed, and hence, all results shown are presented as the combined (male and female) data from the four groups studied. Serum levels of OVA-specific IgE in OVA-treated Rxfp1 Ϫ/Ϫ mice were equivalent to those of OVA-treated Rxfp1 ϩ/ϩ animals and were significantly higher (P Ͻ 0.001) than levels measured in saline-treated control mice, which did not demonstrate detectable OVA-specific IgE levels ( Fig. 2A) . Additionally, both Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice demonstrated increased total (both P Ͻ 0.001) and differential (both P Ͻ 0.001) BAL cell counts after OVA sensitization treatment, compared with numbers obtained from saline-treated control animals (Fig. 2B ). There was no significant difference in total cell counts (Fig. 2B) or eosinophil (Fig. 2B) 
Ϫ/Ϫ mice were analyzed by quantitative biochemical means and by histology/morphometry to determine the relative amount and distribution of collagen deposition, respectively. In each case, no gender-based differences in collagen deposition were observed, and hence, all results shown are presented as the combined (male and female) data from the four groups studied. Lung tissue sections from saline-treated Rxfp1 ϩ/ϩ mice stained with Masson trichrome showed minimal collagen deposition in the airway and lung parenchyma (Fig. 3A) , whereas salinetreated Rxfp1 Ϫ/Ϫ mice demonstrated a modest increase in collagen deposition in the airways (Fig. 3B) . OVA treatment of Rxfp1 ϩ/ϩ (Fig. 3C) and Rxfp1 Ϫ/Ϫ (Fig. 3D ) mice resulted in a markedly increased collagen staining within the airways, when compared with the respective saline-treated controls. Of note, collagen staining was equivalent in OVA-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice. The increase in collagen staining observed in saline-treated Rxfp1 Ϫ/Ϫ mice and OVAtreated animals was primarily observed in the subepithelial basement membrane region of the airway wall and in the adventitia of the airways, with minimal deposition in the lung parenchyma (Fig. 3, B-D) .
Morphometric analysis of the total area of collagen deposition in lung tissue sections confirmed these changes (Fig. 3E ). There was a trend toward increased subepithelial collagen (by 27%; P ϭ 0.08) in the airways of salinetreated Rxfp1 Ϫ/Ϫ mice compared with that measured in saline-treated Rxfp1 ϩ/ϩ mice, whereas OVA treatment of Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice resulted in an approximately 2-fold increase in collagen deposition (both P Ͻ 0.01 vs. respective saline-treated controls; Fig. 3E ), with no differences seen between the OVA-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice.
Hydroxyproline analysis of total lung collagen content (Fig. 3F) and Rxfp1 Ϫ/Ϫ mice.
Similar changes in collagen subtypes (I, III, and V) were also detected by SDS-PAGE (Fig. 3G ) in the four groups studied. The mouse lung was predominantly composed of type I collagen monomers [␣1(I) and ␣2(I) subunits] and dimers (␤11 and ␤12) but lower amounts of type III [␣1(III)] and type V [␣1(V) and ␣2(V)] collagen monomers were also detected. The increase in collagen types I, III, and V paralleled the changes seen with total collagen. For example, type I collagen levels in saline-treated Rxfp1 Ϫ/Ϫ and OVA-treated mice were about 1.4-fold higher (P Ͻ 0.05) and 2.2-fold higher (both OVA groups P Ͻ 0.01), respectively, than that measured in saline-treated Rxfp1 ϩ/ϩ mice (Fig. 3G) . However, as demonstrated for total and subepithelial collagen deposition, the levels of collagen I (Fig. 3G ) and the other interstitial collagen subtypes measured were equivalent in OVA-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice.
To determine whether the elevation in collagen staining (Fig.  3 , B-E), content (Fig. 3F) , and subtypes (Fig. 3G) was associated with an increased differentiation of airway myofibroblasts, Western blotting of ␣-SMA expression in lung tissues from the four groups studied was additionally performed (Fig. 3H) . A strong correlation was found between increased ␣-SMA expression, collagen deposition, and collagen subtypes, such that ␣-SMA expression in saline-treated Rxfp1 Ϫ/Ϫ and OVA-treated mice were about 20% higher (P Ͻ 0.05) and 2-fold higher (both OVA groups P Ͻ 0.01), respectively, than that measured in saline-treated Rxfp1 ϩ/ϩ mice (Fig. 3H) . Again, the expression of ␣-SMA was equivalent in OVA-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice. in gelatinase-A (MMP-2) and gelatinase-B (MMP-9) expression and activity. In each case, no gender-based differences in gelatinase expression/activity were observed, and hence, all results shown are presented as the combined (male and female) data from the four groups studied. Densitometric analysis of the zymographs demonstrated a significant reduction in MMP-9 expression and activity in saline-treated Rxfp1 Ϫ/Ϫ mice (P Ͻ 0.05) and OVA-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ animals (both P Ͻ 0.01) compared with that measured in saline-treated Rxfp1 ϩ/ϩ mice (Fig. 4A) . MMP-2 expression and activity were also decreased in OVA-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ animals (both P Ͻ 0.05) compared with levels found in saline-treated Rxfp1 ϩ/ϩ mice (Fig. 4B) . The reduction in gelatinase expression and activity was associated with an OVA-induced increase in TIMP-1 expression in Rxfp1 ϩ/ϩ mice (P Ͻ 0.05 vs. saline-treated Rxfp1 ϩ/ϩ mice), which was further enhanced in Rxfp1 Ϫ/Ϫ an- (C) and Rxfp1 Ϫ/Ϫ (D) animals. Bar, 100 m. E-H, The relative mean Ϯ SE subepithelial collagen area (square micrometers) per length basement membrane (micrometers), determined by morphometric analysis (E); total lung collagen content, determined by hydroxyproline assay (F); interstitial collagen subtypes, determined by SDS-PAGE (G); and lung ␣-SMA content, determined by Western blotting (H) in saline-and OVA-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice. Numbers in parentheses represent number of animals per group. *, P Ͻ 0.05; **, P Ͻ 0.01 vs. respective values from saline-treated Rxfp1 ϩ/ϩ mice; ##, P Ͻ 0.01 vs. respective values from saline-treated Rxfp1 Ϫ/Ϫ mice.
Analysis of MMP and TIMP expression and activity in saline-and OVA-treated
imals (P Ͻ 0.05 vs. OVA-treated Rxfp1 ϩ/ϩ and saline-treated mice) (Fig. 4C) , whereas no changes in TIMP-2 expression were observed between the four groups studied (Fig. 4D) .
Assessment of lung function in saline-and OVA-treated Rxfp1 ؉/؉ and Rxfp1 ؊/؊ mice Both saline-treated Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ animals exhibited standard responses to MCh that were not significantly different from each other (Fig. 5) . Both groups of OVA-treated mice developed increased reactivity to MCh, with an increased gradient in the dose-response curves (both P Ͻ 0.001) as compared with values obtained from respective saline-treated animals (Fig.  5) . However, AHR in OVA-treated Rxfp1 Ϫ/Ϫ mice was equivalent to that in OVA-treated Rxfp1 ϩ/ϩ animals. Therefore, the increased airway reactivity seen in OVA-treated animals was related to the presence of AAD and was not influenced by the absence of RXFP1.
Discussion
In this study, a number of important findings were demonstrated. First, RXFP1 appeared to play an important role in the homeostatic regulation of airway fibrosis (because young, salinetreated Rxfp1 Ϫ/Ϫ mice underwent increased airway myofibroblast differentiation and collagen deposition, in addition to a reduction in MMP-9 expression and activity compared with that measured in saline-treated Rxfp1 ϩ/ϩ animals). The fact that this agerelated collagen deposition in the airways/ lung occurs much earlier in Rxfp1 Ϫ/Ϫ mice (17) compared with Rln Ϫ/Ϫ animals may reflect differences in their genetic background (strain) or the possibility that molecules other than relaxin (18) may also signal through RXFP1 to regulate homeostatic airway/lung collagen deposition. Second, consistent with our previous findings for the model of AAD (6, 20) , long-term OVA treatment of Rxfp1 ϩ/ϩ and Rxfp1 Ϫ/Ϫ mice resulted in these animals having a marked increase in collagen deposition and airway fibrosis (which was associated with an ϳ2-fold increase in both airway myofibroblast differentiation and collagen deposition, a significant reduction in MMP-2 and -9 expression and activity, an ϳ1.5-fold elevation in TIMP-1 expression, and a significant increase in AHR). Third, RXFP1 did not appear to play a significant role in airway fibrosis associated with AAD (because RXFP1 deficiency did not lead to modulation of the degree of myofibroblast differentiation, collagen deposition, gelatinase expression, and activity or AHR induced by AAD compared with that measured from OVA-treated Rxfp1 ϩ/ϩ animals). This latter observation is the most remarkable finding of this study and suggests that 1) RXFP1 does not mediate the protective effects of relaxin against inflammation-induced airway fibrosis and 2) that relaxin is po- tentially working through an alternative receptor to induce its protective effects against inflammation-induced fibrosis [because OVA-treated Rln Ϫ/Ϫ mice demonstrated significantly higher airway collagen deposition (fibrosis), compared with OVA-treated Rln ϩ/ϩ animals (6)]. It is possible that the effects of relaxin in the setting of inflammation may be mediated by the glucocorticoid receptor because relaxin has been shown to act as an agonist for this receptor (19) , which is widely expressed in the respiratory tract (29) and has been extensively studied as a therapeutic target for the treatment of AADs (29 -31) . Deficiency of RXFP1 in the resting state (in saline-treated Rxfp1 Ϫ/Ϫ mice) was associated with a significant reduction in MMP-9 activity and increased collagen deposition in the airways but did not affect MMP-2, TIMP-1, or TIMP-2 expression compared with that measured in wild-type mice. This suggests that RXPF1 is an important regulator of collagen deposition and fibrosis during homeostasis and mediates its protective effects at least in part through up-regulation of MMP-9. The demonstration that RXFP1 knockout mice have a more rapid onset of airway/lung fibrosis (17) compared with that measured in agematched relaxin-deficient animals (6) further suggests that RXFP1 plays a greater role in protecting against fibrosis during homeostasis than relaxin and that other ligands in addition to relaxin may activate the RXFP1 receptor to regulate the balance of extracellular matrix deposition/degradation in the healthy state. An important finding in this study was that RXFP1 deficiency did not affect collagen deposition, ␣-SMA, MMP-9, MMP-2, or TIMP-2 in the presence of inflammation (AAD), with expression levels being equivalent to those in wild-type mice with AAD. Furthermore, although OVA-treated RXFP1-deficient mice demonstrated a modest but significant increase in TIMP-1 expression (above that measured in OVA-treated wild-type animals), this increase in TIMP-1 did not result in a corresponding increase in subepithelial or total collagen. These findings suggest that RXPF1 is not a major regulator of MMP-9, MMP-2, TIMP-2, and collagen deposition in the setting of airway inflammation and that TIMP-1 does not play a major role in the progression of inflammation-induced airway fibrosis and/or other factors may counteract the profibrotic effects of TIMP-1 in the setting of inflammation in AAD. Moreover, both the OVAtreated RXFP1-deficient and wild-type mice demonstrated reduced MMP-9 and MMP-9/TIMP-1 ratio as has been previously reported in mice with AAD (32) and asthmatic humans (33, 34) , indicating that the regulation of MMP-9 and inflammation-induced airway fibrosis is not predominantly mediated through RXFP1.
In contrast to these findings for RXFP1, relaxin has been shown to play an important role in protecting against airway fibrosis during inflammation (AAD) that is mediated in part through MMP-9 and MMP-2. OVA-treated relaxin-deficient mice had significantly exaggerated airway fibrosis, reduced MMP-9 activity, and a failure to up-regulate MMP-2 levels (6) compared with relaxin wild-type mice with AAD. The lack of an effect of RXFP1 in the setting of AAD suggests that relaxin may signal through other receptor systems to regulate inflammationinduced fibrosis.
One caveat of our current study is that although the relaxinand RXFP1-knockout mice are on similar backgrounds [i.e. C57BL/6J ϫ 129sv (13) vs. C57BL/6 (albino) ϫ 129sv (16) , respectively], it is possible that minor strain differences may have contributed to the more rapid progression of fibrosis in the Rxfp1 Ϫ/Ϫ mice. However, we believe that minor strain differences are unlikely to account for this finding because airway fibrosis has been shown to be similar in Rxfp1 Ϫ/Ϫ mice on at least two different genetic backgrounds (17) . Nevertheless, further work is required to compare the effects of relaxin vs. RXFP1 deficiency on the same background and generation of mice to confirm our present findings. In summary, our findings suggest a paradigm whereby RXFP1 mediates regulation of fibrosis during the homeostatic state (17) rather than inflammation-associated fibrosis, whereas relaxin appears to play a role in both homeostatic (4, 5) and inflammation-associated fibrosis (6) , with a greater role in the latter. Further work is now required to determine which putative receptors relaxin might be signaling through to mediate its protective effects against airway fibrosis associated with AAD. Although it has been demonstrated that rodent relaxin is not a native ligand for the rodent insulin-like peptide 3 receptor, RXFP2 (35) , human gene-2 (H2) relaxin can activate this receptor, raising this as a potential receptor pathway for relaxin-induced effects in the setting of inflammation. The possibility that relaxin may mediate its protective effects in the inflamed lung through activation of the glucocorticoid receptor (19) or receptors involved in tyrosine kinase signaling (36) , which are widely distributed in the airways/lung and play important roles in the prevention of AADs, including asthma, should also be addressed.
